Numerical analysis of the heat balance at the flash event during flash sintering of granular ceramic nanoparticles was performed assuming continuum solid state as well as simultaneous surface softening/liquid formation and current percolation through the nanoparticle contacts. Assuming inter-particle radiations in the specimen volume, the electric Joule heat generated at the nanoparticle contacts partially lost by radiation from the specimen external surfaces. Considering the thermal effects due to rapid heating rate and freemolecular heat conduction regime, high-temperature gradients between the nanoparticle surfaces and the surrounding gas were developed. The attractive capillary forces, induced by the particle surface softening/liquid at the percolation threshold, lead to rapid rearrangement and densification of the nanoparticles. The excess Joule heat, already at the flash event, suffices the excess internal heat that is necessary for partial or full melting. Particle surface softening/liquid formation is a transient process, hence followed by crystallization immediate after the nanoparticle rearrangement. Thermal runaway is associated with local surface softening/melting and its solidification.
Introduction
Flash sintering (FS) is a novel technique, whereby simultaneous application of electric and thermal fields lead, within few seconds, to ultrafast densification of the ceramic nanoparticles compact [1, 2] . The sudden densification takes place at appropriate combinations of the electric field and temperature and accompanied by the photoluminescence flash [3] . The photoemission during the flash was related to different sources, such as electroluminescence due to electron-hole recombination [3] [4] [5] , dielectric breakdown [6] , and as incandescence emission [7] . The photoluminescence signals the transition to the nonlinear behavior of the compact's electric conductivity, which otherwise is almost linear with the increase in the temperature [8, 9] . Immediate after the flash event, the initial voltage control mode (i.e., constant voltage) exchanged into the current control mode (i.e., constant current) in order to prevent damage of the specimen and the flash sintering system [10, 11] .
The so-called incubation-time is the time between the electric field application, at constant temperature, and the flash event. The dissipated power density acquired during this period is a few tens of W cm -3 , irrespective of the ceramic composition [12] . In this respect, heat balance calculations were consistent with the formation of plasma at the nanoparticle contacts [13] . Although the thermal runaway of the Joule heating is a well-accepted description of the process physics [14] [15] [16] , the underlying atomistic mechanisms for the rapid sintering are still under debate. The main question is whether the enhanced mass transport takes place at the nanoparticle surfaces [17] [18] [19] [20] , or within their bulk [21] , in the solid state [21, 22] , or liquid-assisted [23] [24] [25] [26] .
Different densification mechanisms were proposed for FS especially due to the serious uncertainty in measuring the actual temperatures within the specimen [27] [28] [29] . Macroscopic temperature gradients between tens of degrees [30, 31] and several thousand degrees [13, 14, 32] were estimated between the gauge length and the electrodes. However, local temperature gradients of up to 300°C were estimated between the particle centers and the grain boundary at their connecting necks [33] . Recent percolation model showed the possibility for nanoparticle surface softening/melting at temperatures resembling plasma and in excess of the melting points [13] . This was in agreement with observed dielectric prebreakdown in alumina [10, 34] . In addition, several teams challenged recently the electric field effects in flash sintering, by conducting high heating rate sintering experiments in the absence of the electric field. Ji et al. [22] applied high heating rates without electric field, in addition to conventional, SHS (selfpropagating high-temperature synthesis), and flash sintering, for comparative sintering studies in yttriastabilized zirconia (3YSZ). Sudden insertion of the specimens into the furnace hot zone enabled fast heating rate of * 50°C s -1 . Dense specimens formed by the latter technique after a few minutes were comparable to the flash sintered specimens. The authors concluded that the rapid heating is partially responsible for the rapid densification during the flash sintering. These observations support the significant role of the thermal effects and gradients, which otherwise were underestimated during the flash sintering. The lack of liquid residue in many flash sintered microstructures may be due to the limited extent of the softened/melted surface (i.e., a few atomic layers at the particle surfaces) as well as due to its metastable and transient nature. Nevertheless, when formation of high-temperature liquid led to selective evaporation of some elements, liquidlike phases were observed at the particle surfaces and grain boundaries [35, 36] . Nevertheless, local melting was observed at the pore surfaces during flash spark plasma sintering (FSPS) of thermoelectric Sb-doped magnesium-tin silicide [37] .
In the present paper, we analyze the thermal processes involved in flash sintering of ceramic nanoparticles and perform the heat balance at the flash event to evaluate the conditions needed for the flash. We will show that the formation of liquid at the particle contacts, i.e., surface softening, is an immediate and transient process. The ultrafast densification is due to the particle rearrangement enhanced by the attractive capillary forces due to the liquid. Therefore, the so-called thermal runaway is associated with the local endothermic softening/melting at the nanoparticle surfaces and its exothermic solidification.
Theory Heat transfer from nanoparticles
Our basic assumption is that the granular nanoparticle system subjected to heat and electric field can be visualized as a network of resistors, which represent the particles (i.e., low bulk resistivity) and their contacts (high interfacial resistivity); the latter are preferable for local Joule heating. Due to the isolating nature of the ceramics, the electric current will flow through the path with minimum local and overall electric resistance in this network. Nevertheless, the contacts with the highest electric resistance along this path will be the ones who will preferably be heated to reach the local melting. Lebrun et al. [30] estimated the thermal relaxation time, i.e., the time needed for thermal equilibration across the nanoparticle. Using their approach and the typical density and thermal properties of 3 mol% yttria-stabilized zirconia (3YSZ) above the Debye temperature (540 K), relaxation times of 50 ns and 20 ls may be calculated for nanoparticles with radii of 50 and 1000 nm, respectively. These durations are shorter by nine and six orders of magnitude, respectively, compared to the flash event duration of 1 s. At first glance, this analysis shows that at regular steady-state conditions, thermal equilibration is an immediate process, and the heat generated at the nanoparticle contact transferred to the nanoparticle center, to raise the nanoparticle temperature as a whole. However, the specimens in flash sintering often hanged by two electrodes, which in turn do not visually exhibit an increase in their temperature within the furnace. Therefore, heat loss by conduction from the specimen is negligible. Furthermore, heat transfer by conduction/convection from the hot nanoparticle surface to its surrounding gas may follow different regimes, depending on the nanoparticle size and the gas composition, as will be shown below. In addition, changing the heating rate led to different sintering rates in both the presence and absence of the electric field [22, 38] . Consequently, the heating rate has strong effect on the heat transfer regime and mechanism during sintering hence heat transfer needs careful treatment.
Conduction heat transfer
For the nanoparticle subjected to sudden temperature increase, the heat transfer regime depends on the Knudsen number, which is the ratio between the mean free path (k MFP ) of the surrounding gas molecules (at the given gas temperature and pressure conditions), and the characteristic length scale of the nanoparticle, i.e., the nanoparticle radius, r [39] :
Liu et al. [39] thoroughly reviewed the regimes of conduction heat transfer from hot nanoparticles. In this respect, thermal conduction from hot nanoparticles to the surrounding gas takes place by freemolecular (FM) regime in contrast to the continuum regime, which is applicable for the hot conventionalsize particles. For Kn B 0.01 heat transfer is regarded as in continuum heat transfer regime, where the heat transfer rate is expressed by:
where T p and T furn are the nanoparticle and the furnace (gas) temperatures, respectively, and k Ã g is the temperature-dependent thermal conduction coefficient of the gas.
However, for Kn C 1.0 the free-molecular regime dominates, according to [39] :
where p g is the gas pressure, c p , g is the specific heat of gas at constant pressure, R is the gas constant, and a is the thermal accommodation coefficient of the nanoparticle material in the surrounding gas. For intermediate Kn values, a transition regime exits, which is expressed by various interpolation methods of the continuum and the free-molecular regimes. Typical values of the mean free path for the air molecules are 68 and 500 nm at 273 and 1500 K, respectively [39] . Thus, nanoparticles smaller than 1 lm in diameter, rapidly heated to 1500 K, will lose heat by free-molecular regime, i.e., hardly lose heat, hence will develop high-temperature gradient at their surface (Knudsen layer), with respect to their surrounding gas. This is in agreement with the measured specimens' surface temperatures, which are far higher than the actual furnace temperature during the flash sintering [29, 40] .
The above treatment has two implications. First, that heat loss, from suddenly heated nanoparticles, by conduction/convection into the gas is negligibly small at high temperatures, as is typical for ceramic nanoparticles subjected to flash sintering. Second, and more important, is that at the nano-scale particle size range, in green compacts with low green density, the free-molecular heat transfer regime imposes Knudsen layer at the nanoparticle surfaces, with temperatures higher than their surrounding gas temperature. Therefore, in addition to negligible heat loss by conduction/convection from the surface, the sudden increase in the Joule heating at the nanoparticle contacts increases, in turn, the temperature gradient between the nanoparticle surface and the surrounding gas. The temperature in this layer may increase as high as twice the surrounding gas temperature, if the nanoparticles are rapidly heated [41, 42] . Therefore, this subsection is to emphasize the possible formation of high-temperature gradients at the nanoparticle surfaces due to the heat transfer regime, and we neglect the conducted heat.
High-temperature gradients were measured between the specimen surface and the furnace temperature in 8-YSZ system [29] , ZnO [43] , and SiC [44] . Grasso et al. [27] used finite element model to calculate the temperature distribution during flash sintering of 3-YSZ. Using the specimen data and surface flash sintering temperature of 850°C measured by Cologna et al. [1] , they calculated temperatures in excess of 1600°C that developed within 3 s at 120 V cm -1 for power of 70 W. The temperatures derived from their simulation were always higher than those calculated assuming black-body radiation of dense specimen [21] . However, these temperature gradients are still too low for fulfilling the demand for ultrafast densification kinetics by solid-state sintering. Therefore, the question about the actual sink of the Joule heat at the contact points becomes very important and crucial for understanding the flash process mechanism and kinetics.
Radiation heat transfer
First, it is worth noting that ultrafine powder beds exhibit thermal conductivities lower by orders of magnitude compared to their dense solid counterparts, especially at high temperatures [45] . At high temperatures, radiation is the most effective heat transfer mechanism in dense ceramics, due to its strong temperature dependence. However, the effective thermal insulating ability of the ultrafine powder arises from refraction, reflection, and absorption of the radiated heat at the nanoparticle surfaces; thus, the heat is absorbed by the nanoparticles instead of its transfer across the powder bed. Similar effects may be applicable to fine ceramic nanoparticles subjected to rapid heating. Therefore, we will pay a special attention to the total radiated heat and its portion that may be absorbed within the nanoparticles and raise their temperature.
Let us assume a homogeneous ceramic compact of spherical nanoparticles with radius r, green density q (%), and theoretical density q o , subjected to flash sintering. It has acquired thermal heat according to its heat capacity, by absorbing heat from the furnace (up to T furn ). Increasing the current at constant voltage at this temperature leads to Joule heating. This heat, which preferably generated at the particle contacts, immediately absorbed by the nanoparticle, to heat up its volume and to increase its temperature. This heat generation and transfer should take place at all nanoparticles with contacts. However, this Joule heat, which pumped from the contacts into the nanoparticle, should be radiated out, due to the higher temperature of the nanoparticles relative to their surrounding gas temperature. Assuming homogeneous distribution of the nanoparticles inside the specimen, the average radiated heat from each nanoparticle to its neighbors is equal to the radiated heat that this nanoparticle gains from its neighbors. Therefore, the internal particles practically do not lose heat. The Joule heat generated at the nanoparticle contacts is preserved at each nanoparticle, increasing its surface temperature at the flash event to T p . The radiated heat loss is only from the particles constituting the external surface of the powder compact, which lack neighbors. Following these assumptions, the heat radiated from a single nanoparticle _ q p rad to its surrounding gas is [18] :
where e em is the nanoparticles' emissivity, r SB is the Stefan-Boltzmann constant for black-body radiation, and T p and T furn are the temperatures at the nanoparticle surface, and of the furnace (gas) surrounding the nanoparticle, respectively. The number of the nanoparticles at the external radiating surfaces of the specimen, N s , is the total external surfaces divided by the surface of the hemispherical particle:
where A s is the thermal radiating surface of the specimen, and the factor 2 in the denominator is a geometric correction factor due to the microscopic hemispherical surface of the particle in comparison with the macroscopic planar surface of the specimen. Since the radiated heat in Eq. (4) inter-radiated between the internal nanoparticles, which surrounded by other nanoparticles, we assume that it is absorbed by the neighboring nanoparticles. Thus, the only radiated heat that is lost to the gas/furnace is from the nanoparticles at the external surfaces of the specimen (surfaces facing the furnace walls). We calculate this radiated heat _ Q surf rad by multiplying Eqs. (4) and (5) as:
The nanoparticles in Eq. (6) are characterized by the specimen surface temperature, T surf as often J Mater Sci (2018) 53:6378-6389 measured by a pyrometer, that is lower from T p , the nanoparticle surface temperature inside the specimen [Eq. (4)]. Therefore, we consider the radiation term in Eq. (6) as the only radiated heat lost from the specimen, whereas the other portions of the radiated heat are stored within the specimen. Equation (6) with omitted q is often used for the heat balance during the flash sintering, when assuming the specimen as a solid continuum.
Heat balance at flash event
We showed above that heat loss by convection/conduction is negligible in flash sintering. Moreover, only part of the Joule heat that generated at the nanoparticle contacts is lost by radiation from the specimen external surfaces. The rest of the electric heat is spent to increase the particle's surface temperature via inter-radiation between the nanoparticles in the bulk of the specimen. Therefore, the next step is to set the heat balance via the rate equation at the flash event, in order to determine possible melting at the nanoparticle contacts. We restrict our treatment below to local liquid formation/particle surface softening due to Joule heating and neglect the plasma effects that may form at the gaps between the nanoparticles. Moreover, the oxidation/reduction processes at the electrodes were neglected as they are local and their contribution to the overall electric resistance of the system was reported as negligible [46] . The rate equation that describes the heat balance is [18, 47] :
where _ Q int is the internal heat, accumulated in the specimen, _ Q Joul is the Joule heat input, _ Q rad and _ Q cond are the heats lost by radiation and conduction, respectively.
Based on our treatment above, we neglect the conducted heat term. Using the modified equations for the radiated heat in the heat balance equation, one receives for flash sintering:
where q is the green density, q o is the theoretical density, c p is the specific heat capacity, V is the applied electric field per unit length (dog-bone specimens), R e is the specimens' electric resistance, V s , L s , and A cs are the specimen volume, length, and cross-section area, respectively. The parameters c p and R e in Eq. (8) are temperature-dependent, and integration was performed while taking into account their temperature dependencies (see ''Appendix'' section).
Calculations and results
We selected the material and flash sintering parameters from the literature, whenever detailed data were available. The following data from Cologna et al. [2] for flash sintered Mg-doped alumina (0.25 wt% MgO) specimens were used. Dog-bone specimens heated to 1400°C at the 10°C min , and average particle radius r = 100 nm. The various aspects of the calculations and the material properties presented and explained in the ''Appendix'' section.
We assumed formation of softening/liquid at the nanoparticle contacts for the current percolation. Nevertheless, we also used the reported temperaturedependent conductivity of the specimen in the solid state with no liquid effects [2] . This choice also enables fair comparison of the present results to those published in the literature, when assuming solidstate sintering. The methodology of the present calculations is as follows:
First, we used the rate Eq. (7) to determine the flash onset temperature, as was performed by Raj [21] , Zhang and Luo [43] , and others. In this approach, the flash temperature is defined when the rate of Joule heat formation surpasses the heat dissipation rate by radiation. In this respect, the derivative of the two terms _ Q Joul and _ Q rad at the right-hand side of Eq. (7) are plotted versus temperature; the intersection between the two curves, where the rate of Joule heat formation becomes higher than the rate of heat dissipation, defines the flash temperature. The calculated flash temperatures using equation (S3) in Zhang and Luo [43] , and our present approach, resulted in 1260 and 1220°C, respectively, as shown in Fig. 1 . Cologna et al. [2] reported the flash temperature of * 1260°C at 1000 V cm -1 for MgO-doped alumina. However, this temperature was determined at the very late stage of the shrinkage; extrapolation to the earlier stages of densification is in agreement with the lower flash temperature of 1220°C, as is in our calculation.
Second, let us assume heating the specimen from room temperature to above its melting point, without an electric field. It will generate internal heat corresponding to the heat capacity of the specimen mass, as a solid and as a liquid. The internal heats [Eq. (9) ] that the alumina specimen [2] can store as a solid bulk, as a partially melted solid (at the percolation threshold), and as fully liquid, were calculated versus temperature, and shown in Fig. 2 . The internal heat in the solid state (solid red curve in Fig. 2 ) increases with temperature up to the melting point (T m = 2050°C). At this temperature, melting is associated with an enthalpy of fusion, due to the endothermic nature of the melting. The internal heat of the fully melted specimen (dotted back line) is also shown in Fig. 2 . The internal heat of the partially melted solid at the percolation threshold, i.e., solid with liquid volume fraction of 0.247 (formed only at the previously calculated flash temperature) also is shown in Fig. 2 (dashed-dotted blue curve) . We calculated the internal heat for this percolating system using the phase assemblage Eq. (10) in the ''Appendix'' section. The hatched area in Fig. 2 represents the excess internal heat between the percolating system and its non-percolating solid counterpart. This excess heat represents the heat invested for partial melting as needed in the percolative system. For the sake of simplicity, we assumed constant volume fraction of the liquid at the percolation threshold up to the melting temperature. Nevertheless, we do not know how and whether the liquid fraction changes (increases) with the temperature increase. Since local melting is associated with decrease in the local electric resistivity, the melted contact loci is no more a preferred site for local Joule heating. Consequently, it will solidify after local particle rearrangement hence decrease the melt volume fraction. Such self-regulating nature of the powder compact with respect to formation of local liquid and its solidification is in accord with our assumption on constant volume fraction of the melt. Below we will compare this excess internal heat to the excess Joule heat absorbed by the internal particles versus temperature. The temperature at which the excess Joule heat surpasses the excess internal heat of the percolating system determines the surface temperature of the internal particles, at which local melting can take place at their contact points.
Third and last, we calculated the excess Joule heat of the specimen with the simultaneous radiation loss. The excess Joule heat is the difference between the generated Joule heat and the heat radiated from the specimen surfaces in Eq. (6) . Although the furnace temperature is constant during the real experiment, the internal temperature of the specimen increases with time, due to Joule heating. Thus, calculation of Figure 1 Joule heat and radiated heat derivatives versus temperature. The flash temperature is determined at the intersection when the rate of the generated Joule heat surpasses the rate of the dissipated heat by radiation. Flash temperatures of 1220 and 1260°C were determined, respectively, assuming partial (dotted curve) and total loss (dashed curve) of the generated Joule heat by radiation from the specimen's surfaces. various heats versus temperature is justified, since the flash sintering experiment does not end with the flash event. The specimen is continuously heated by the Joule heating until the constant current limitation is activated. During this period (stage II in flash sintering), between the flash event and the constant current, the temperature of the internal particles may increase. We calculated the excess Joule heat versus temperature and compared it with the excess internal heat due to the partial melting (percolating solid), as shown in Fig. 3 . As mentioned above, partial melting may take place at the temperature, when the gain in the excess Joule heat surpasses the heat invested for the partial melting. For comparison, the heat needed for full melting of the specimen also is shown in Fig. 3 (horizontal dotted blue line). It is clear from Fig. 3 , that already at the flash temperature (regardless whether 1220 or 1260°C), the excess Joule heat is higher by one to two orders of magnitude than those needed for partial or full melting of the specimen.
Discussion
Our calculations above highlighted a few new heat aspects during the flash sintering, using MgO-doped alumina as a reference. First, the assumption that heat is lost by radiation only from the nanoparticles at the external surfaces did not change significantly the calculated onset temperature for the flash event. We calculated the temperature of 1220°C, compared to the reported temperature of 1260°C [2] . Careful observation of the shrinkage curve in dilatometer (i.e., Figure 4b in Ref. [2] ) reveals its gradual increase with the temperature increase. The higher temperature of 1260°C was determined at a relatively advanced stage of the shrinkage [2] . Therefore, a temperature interval exists over which the flash can be detected, and the flash temperature of 1220°C can easily be included in that interval. Although these temperatures may be important, they do not provide information about the active densification mechanisms after the flash event.
The evolution of the internal heat with temperature in the specimen (Fig. 2) reveals the amount of the extra heat needed to initiate local surface softening/ melting (hatched area in Fig. 2 ). This excess heat increases the solid internal heat only by 10%, but may have significant effect on the sintering kinetics. Melting is an endothermic reaction, therefore local melting is associated with activation energy to initiate the melt from the crystal. In this respect, application of external fields on crystals and glasses (even with no contact electrodes) was found to enhance reorientation of the surface dipoles [48] , increase the structural disorder at the surface [49] , and enhance the softening of glasses [4] . The electric field-induced softening (EFIS) of the glass was related to combination of Joule heating, dielectric breakdown, and electrolysis within the glass. The application of external electric field combined with thermal heat expected to increase the entropy, hence induce amorphicity [47] . Flash experiments of porcelain by Biesuz et al. [50] together with fast heating without an electric current confirmed the direct effect of the electric field on softening of the glassy phase at lower temperatures. The effect of rapid sintering due to rapid heating in the absence of electric field [22] was marginal in amorphous porcelain [50] .
The effect of non-contacting electric field on rapid densification of partially stabilized zirconia [51] and (K 0.5 Na 0.5 ) NbO 3 [36] showed clear evidence for liquid in the latter. Muccillo et al. [46] reported on melting of the 8YSZ specimens subjected to flash sintering when the current surpassed a critical value. These findings reveal that the charged nature of the ceramic nanoparticle surfaces and their nano-size are the main cause for the electric field effects. Once the nanoparticles rearranged and densified by the local melt, due to the induced attractive capillary forces, the liquid solidifies to lower the internal heat. Figure 3 Excess Joule heat generated, and excess internal heat needed to form a liquid, versus temperature, for MgO-doped alumina specimen in Ref. [2] at different states. The states include fully solid granular, fully liquid, and granular solid with percolation through the liquid.
Therefore, the decrease in the internal heat, which is associated with the solidification of the melt, is compatible with the transient nature of the melt that forms at the nanoparticle contacts. The thickness of the softened/melted surface of a few atomic layers suffices for the nanoparticle reorientation as needed for the local densification. The nanograin clusters found in many flash sintered systems may be the manifestation of these reorientations [52] . These effects may explain the lack of remnant liquid in flash sintered nanoparticles.
Comparison between the excess Joule heat and the excess internal heat needed for percolative local melting (Fig. 3) reveals the far higher values of the former. It turns out that the excess Joule heat generated already at the flash event suffices to induce local melting at the nanoparticle contacts. It also suffices to induce full melting in the specimen. A similar trend exists assuming a fully solid granular compact.
Flash sintering and spark plasma sintering, albeit activated at different temperature-electric field conditions, represent the two edges of a same process. Simulation of the spark plasma sintering process of Si nanoparticles, assuming current percolation, was consistent with full melting and recrystallization of the specimen [53] . Local melting on the surfaces of cuboidal-shape LiF microcrystals was clearly observed during the spark plasma sintering as shown in Fig. 4 [54] . Several reasons can be accounted for why such a catastrophic melting was not observed in flash sintered specimens. First, the flash experiments are controlled by limiting the current density immediate to the flash event. If this limitation is removed, the excess Joule heat may locally melt the compact [35] , or fully melt the glass (see supplement in Ref. [4] ). Second, as shown and argued above, the liquid has a transient nature. Once it aided to rearrange locally the nanoparticles, the contact points are lost, and the local electric resistance decreases, compared to neighbor sites where non-dense nanoparticles with high contact resistance exist. As a result, the local melt will solidify, which is in agreement with the trend for energy minimization in the system. Our present treatment reveals the nature of the so-called thermal runaway during the flash sintering as local melting followed by local exothermic solidification.
Another consequence from the present calculations is that the surface temperature of the internal particles, T p , does not need to be far higher than that of the particles at the specimen's surface, T surf , for inducing the local softening/melting. Accounting for the actual physics of the process, the calculated excess Joule heat can be distributed in the non-homogeneous manner within the specimen, i.e., along the percolative backbone. This will enhance the intensity of the Joule heat, with consequent local macroscopic melting. Therefore, current control in stage II of flash sintering is targeted toward a more homogeneous heating of the specimen. Very recently, Yadav and Raj [55] showed that Debye temperature is the lower limit for the flash onset temperature; they related the flash event at the first stage of flash sintering to nonlinear thermal vibrations, which is in accord with our local melting at the nanoparticle surfaces.
Summary and conclusions
The surface softening/melting model for flash sintering of oxide nanoparticles considered the heat balance at the flash event. The higher electric resistance at the nanoparticle contact points leads to preferred Joule heating at these loci. At first, the generated heat is dissipated within the adjacent nanoparticles and increases their temperature. Analysis of the heat transfer indicates negligible heat loss by convection/conduction from the heated nanoparticles. The main heat loss is by radiation from the nanoparticles at the external surfaces of the specimen, where the nanoparticles within the specimen volume inter-radiate to each other, hence their heat is preserved. The Knudsen layer formed at the Figure 4 Local melting observed during interrupted spark plasma sintering experiments using LiF microcrystals heated to 500°C under 2 MPa applied pressure [54] .
nanoparticle surface can establish surface temperatures and temperature gradients as high as twice the gas's temperature that surrounds the internal nanoparticles. Consequently, very high temperatures may develop at the nanoparticle surfaces. The excess Joule heat at the flash temperature suffices the excess heat necessary for local contact softening/melting, through which the electric current percolates. Formation of liquid at the contact points increases the overall electric conductivity by two to four orders of magnitudes and enables the rapid densification kinetics by nanoparticle rearrangement and densification aided by the attractive capillary forces of the melt. The transient nature of the local melt leads to its solidification immediate to the nanoparticle rearrangement. Therefore, thermal runaway in flash sintering refers to the local softening/melting at the nanoparticle surfaces and their immediate solidification.
1 À x melt ð Þþq l c liquid p
where x melt is the volume fraction of the melt, and indices s and l refer to solid and liquid, respectively. Since current percolation is associated with the percolation phenomenon, the volume fraction of the melt is 0.247 at the invasive percolation threshold [57] . This value was used to calculate the heat capacity of the specimen when liquid forms. For heat/energy balance, we added the enthalpy of fusion at the percolation threshold (i.e., for fusion of 0.247 volume fraction of the mass) to the internal heat versus temperature (see the shaded area in Fig. 2) .
The internal heat in Eq. (9) was calculated using the finite differences approximation described elsewhere [18] :
where the interval between two consecutive temperatures and their corresponding time interval Dt were determined from the heating rate during the experiment [2] .
The following temperature-dependent functions were used: 
Joule heat
The accumulated Joule heat was calculated using the following equation:
The temperature dependence of the electric resistivity of pure Al 2 O 3 is strongly affected by the impurity content. Therefore, published data about flash sintering of alumina was used together with the specimen dimensions and the flash process parameters [2] . The average electric conductivity of the present alumina is therefore: The Joule heat prior to any melt was calculated using the solid phase properties, both as dense, as well as a granular (percolative) system [34] . However, at the current percolation threshold, when continuous liquid forms, the specimen properties of a percolating media (with liquid volume fraction of 0.247) were used [34] : 
